The temperature dependence of magnetic susceptibility, 1ðTÞ, of the P2 1 =m crystal of a novel [Pd(dmit) 2 ] salt, (C 2 H 5 )(CH 3 ) 3 P[Pd(dmit) 2 ] 2 , has been measured. The observed 1ðTÞ above 30 K is reproduced by the model of a spin-1/2 Heisenberg antiferromagnet on a triangular lattice with the exchange coupling, J=k B ¼ 250 K. A phase transition at 25 K to a spin-gapped state has been found. As well as a spin-Peierls transition, this transition breaks the translational symmetry, leading to the formation of a columnar arrangement of the spin-singlet pairs. A significant role of the lattice structure in stabilizing the spin-singlet ordering is pointed out. To our knowledge, this is the first report of a twodimensional (2D) spin system exhibiting a spin-Peierls-like transition.
The ground state of a frustrated quantum spin system, such as a triangular antiferromagnet, is a subject of active research, because it typically exhibits quantum critical phenomena when the magnetic long-range order (LRO) is broken by the frustration. [1] [2] [3] [4] [5] Some Mott insulators based on organic molecules provide valuable examples of this behavior. [6] [7] [8] [9] Two categories of such molecular compounds have been known so far: the -type ET salts 7) [ET = bis(ethylenedithio)tetrathiafulvalene] and the [Pd(dmit) 2 ] salts 10) with the form of (C 2 H 5 ) x (CH 3 ) 4Àx Z[Pd(dmit) 2 ] 2 (dmit = 1,3-dithiol-2-thione-4,5-dithiolate, C 3 S 5 2À , x ¼ 0, 1, 2 and Z = P, As, Sb). They have 2D close-packed arrangements of molecular dimers. On each dimer, one unpaired electron is localized due to the intradimer Coulomb repulsion. 11, 12) A 2D spin-1/2 Heisenberg antiferromagnet on a triangular lattice is thus formed. No LRO is found in -(ET) 2 Cu 2 (CN) 3 down to 32 mK, indicating a gapless spin-liquid ground state resulting from the strong frustration. 7) This means that this salt has a nearly regular isotropic triangular lattice. On the other hand, most [Pd(dmit) 2 ] salts have some deviation from the isotropic triangular lattice. 6, [8] [9] [10] The anisotropic triangular lattice is approximately described in terms of an isosceles model with two strong interactions 8, 9) [s and B in Fig. 1(a) ]. A significant point is that the anisotropy can be controlled through the choice of the counter cation, pressure or strain. 10) Several of the [Pd(dmit) 2 ] salts exhibit antiferromagnetic (AF) LRO at the AF transition temperature T N which increases with the anisotropy. 6, 8, 9, 13, 14) The frustration is released by the growth of the AF correlation over the square lattice formed by the strong interactions, but suppresses the AF correlation if the anisotropy is sufficiently small. In this way, we can study how the magnetic LRO is broken by the frustration near the critical point in a quantum spin system. Theoretical research has been carried out concerning the quantum critical phenomena driven by the frustration. [1] [2] [3] [4] It has been predicted that the system has a ground state formed by the ordering of spin-singlet pairs, when the magnetic LROs (both the square-lattice-like Néel LRO and the spiral LRO) are suppressed near the isotropic trianglar lattice. [1] [2] [3] In this paper, we report a novel phase transition found in the P2 1 =m phase of (
15) at 25 K. It is revealed, by the magnetic and structural studies, that this transition is a continuous secondorder one to a nonmagnetic spin-gapped ground state. The low-temperature (LT) phase is characterized by the formation and ordering of spin-singlet valence bonds (VBs), as a result of the alternation of the interdimer interactions. This breaks the lattice translational symmetry of the uniform triangular arrangement of the spin-1/2 units in the hightemperature phase. In spite of the 2D nature of the spin system, the phase transition resembles the spin-Peierls transition. Unlike other [Pd(dmit) 2 ] salts comprising the solid-crossing stacking structure (called the 0 -type), 10) the P2 1 =m EtMe 3 P salt has parallel molecular stacking. 15) This structural characteristic is pointed out as being crucial for the ordering at a finite temperature in the 2D triangular lattice. We outline the structural features here; further details of the crystal structure will be reported elsewhere. 16) In the present and related cases, the spin-1/2 unit is a dimer made of two molecules. To avoid confusion, we use ''pairing'' instead of ''dimerization'' to refer to the VB formation of two unpaired electrons on two dimers.
Crystals of the EtMe 3 P salt were grown at 5 C by air oxidation of [(C 2 H 5 )(CH 3 ) 3 P] 2 [Pd(dmit) 2 ] in an acetone solution containing acetic acid. An as-grown polycrystalline specimen may contain two polymorphs, the P2 1 =m and P1 phases. The P1 phase undergoes a phase transition at around 73 K, which enables us to check the phase easily through magnetic measurements. Magnetic susceptibility 1 was measured for a polycrystalline specimen containing no P1 phase under the field of 1 T, using a Quantum Design MPMS XL7 magnetometer. The magnetization varies linearly with the field up to 7 T, except the Curie-like contribution that is marked below 15 K. Spin susceptibility was obtained by subtracting the diamagnetic contribution estimated on the basis of Pascal's law. The diamagnetic susceptibilities of
were estimated to be 97 Â 10 À6 and 200 Â 10 À6 cm 3 /mol, respectively. Finally, 1 was corrected for the Curie-like contribution (corresponding to an S ¼ 1=2 spin per ca. 3 Â 10 2 formula units) from the crystal imperfections. X-ray diffraction data were collected on a Weisenberg-type imaging plate system (Mac Science DIP 320S) with graphite-monochromated Mo-K radiation (! ¼ 0:71073 Å ) at 297 K. The LT X-ray diffraction experiments were performed on the same system equipped with a closed-cycle helium refrigerator (DAIKIN V202C5LZR) for temperature control (10 -297 K).
In Fig. 1(a) , the molecular arrangements of the P2 1 =m EtMe 3 P salt are schematically shown. The crystal data at 297 K are space group P2 1 =m (monoclinic), a ¼ 6:3960ð3Þ, b ¼ 36:691ð1Þ, c ¼ 7:9290ð3Þ Å , ¼ 114:302ð2Þ
, V ¼ 1695:9ð1Þ Å 3 and Z ¼ 2. The face-to-face stacking of the
À is along the c axis. A 2D triangular network is formed within the ac plane via sideby-side contacts. All the dimers are crystallographically equivalent and centrosymmetric. The in-plane structure is similar to those of 0 -type [Pd(dmit) 2 ] salts 10) having the C2=c symmetry. However, the P2 1 =m EtMe 3 P salt has only one stacking direction (the c direction), in accordance with the b-mirror and b-screw symmetries, while the 0 -type salts show layer-by-layer alternation of the stacking directions (the a þ b and a À b directions) to form the solid-crossing structure [ Fig. 1(b) ]. 10) The temperature dependence of 1 of the P2 1 =m EtMe 3 P salt is shown in Fig. 2 , as compared with 1ðTÞ calculated on the basis of the spin-1/2 Heisenberg antiferromagnet on a triangular lattice 6, 18) with various J values. We define here the exchange coupling J by the spin Hamiltonian, H = JAE i; j S i Á S j , where S i is the spin-1/2 operator on the i'th site, and the summation is taken over all the nearest-neighbor pairs, i; j. A broad 1 peak is found at around 70 K. The peak temperature is considerably lower than J=k B expected from the 1 values above 200 K, indicating that the spins are frustrated. Above 30 K, the observed 1ðTÞ is reproduced by the frustrated model with J=k B ¼ 250 K. It follows from this that the P2 1 =m EtMe 3 P salt is a quantum triangular antiferromagnet, as are the other 0 -salts. 6) This conclusion is also supported by the ratios of the interdimer overlap integrals [ Fig. 1(a) ], S B =S s ¼ 1:02 and S r =S s ¼ 1:06, calculated on the basis of the extended Hückel molecular orbitals. 15) At T c ¼ 25 K, bending of 1ðTÞ is observed [ Fig. 2(b) ], followed by a rapid but continuous decrease toward 1 ¼ 0 upon cooling. This means that the system undergoes a second-order phase transition to a nonmagnetic spin-gapped state. In fact, 1 shows no hysteresis throughout the temperature sweep. The presence of a magnetic LRO in the LT phase is ruled out, because the 1ðTÞ behavior is concluded to be magnetically isotropic from the measurements of a mosaic of oriented crystals. These features are similar to those of typical spin-Peierls systems, [19] [20] [21] [22] where all the unpaired electrons in the high-temperature phase are paired in the ground state as a result of a lattice distortion. The 1ðTÞ data is expressed as 1 ¼ 1 R þ C=T þ 1 SG ðTÞ, where C=T is the Curie contribution and 1 R the residual temperatureindependent component. For a 2D system having the spin-gap Á at T ¼ 0 and quadratic dispersion of triplet excitations, the asymptotic form 1 SG ðTÞ / expðÀÁ=k B TÞ is derived for k B T ( Á.
23) Subtraction of the T-linear and constant terms from T1 leaves T1 SG . From the 1 SG data below 15 K, a rough estimate, Á=k B $ 40 AE 10 K, is obtained [ Fig. 2(c) ]. The result is sensitive to the 1 R and C values and the temperature range of the fitting.
Another type of phase transition from a paramagnetic Mott insulator to a nonmagnetic state has been found in the 0 -(C 2 H 5 ) 2 (CH 3 ) 2 Sb salt at 70 K. [24] [25] [26] [27] In this case, the dimers exhibit complete charge separation as
, so that the dimers themselves become nonmagnetic. This is a firstorder transition accompanied by intradimer distortions. The energy cost of electron pairing in [Pd(dmit) 2 ] 2 2À is compensated by the large bonding energy gain in [Pd(dmit) 2 ] 2 0 , as a result of the two-level character of the [Pd(dmit) 2 ] unit. A similar transition has been found in the Cs salt; 17, 27) it is metallic above 56 K, and undergoes a second-order transition to a charge-separated nonmagnetic state. In these cases, the presence of the two differently charged dimers, rather than the symmetry of interdimer interactions, characterizes the ground state. The lattice symmetry in the LT phase has been examined by X-ray diffraction analysis. Satellite diffractions indicating c-doubled periodicity, e.g., ð0; 0; 1=2Þ, ð1; 0; À5=2Þ and ð2; 0; À5=2Þ, appear at low temperatures. Their intensities remarkably increase below 25 K, followed by saturation near 10 K, as expected for the order parameter of a second-order transition [ Fig. 3(a) ]. The crystal data at 10 K are space group P2 1 =m (monoclinic), a ¼ 6:3270ð2Þ, b ¼ 36:536ð1Þ, c ¼ 14:2620ð5Þ Å , ¼ 90:552ð3Þ
, V ¼ 3296:7ð2Þ Å 3 and Z ¼ 4. All the dimers are no longer centrosymmetric due to the alternating interdimer interactions, but are still crystallographically equivalent. Therefore, the charge separation occurring in the 0 -(C 2 H 5 ) 2 (CH 3 ) 2 Sb salt has no relevance in this case. Doubled periodicity is found in the stacking along the c À a direction of the LT lattice, which corresponds to the high temperature c axis (Fig. 3) . From 28 to 10 K, the lattice expands slightly in the a and b directions, but does not show expansion along the stacking direction. Such an expansion means that the phase transition can be suppressed by pressure. The interdimer spacing, measured as the distance between the best planes for the Pd atom and the four coordinating S atoms of each of the neighboring [Pd(dmit) 2 ] molecules, shows twofold alternation along the stacking direction. This is in accord with the pairing of the spin-1/2 units. The distances are 3.76 and 3.85 Å between the molecules belonging to the neighboring dimers. The corresponding distance, 3.82 Å at 28 K, is uniform above T c . It is thereby concluded that the major structural change associated with the phase transition is the pairing of the dimers. This pairing, which breaks the translational symmetry of the triangular lattice, explains the spin-singlet ground state having a valence bond localized on each pair, as expected from the magnetic behavior. More details of the LT structure will be reported elsewhere. 16) The VB ordering found in this work is analogous to the spin-Peierls transition, with regard to the real-space singlet pairing coupled to the lattice. The concept of the spin-Peierls transition originates from the Peierls instability of the halffilled band of spinless psuedofermions obtained by the Jordan-Wigner transformation of the spin-1/2 one-dimensional (1D) Heisenberg spin Hamiltonian. 28, 29) It is known that any nonzero dimerization stabilizes the spin-Peierls state in a 1D quantum spin chain because of the energy gain of the singlet pairing prevailing over the antiferromagnetic exchange energy removed by VB formation. Although such explicit relevance does not generally exist in the 2D cases, VB ordering with lattice-symmetry breaking is often referred to as a spin-Peierls state in the literature, with respect to similar real-space physics. The VB order (or VB solid, VBS) ground state in 2D systems has been studied theoretically, [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] as well as the on-bond charge-densitywave states, 30, 31, [41] [42] [43] particularly on the square lattice (with frustrated interactions). Unlike the 1D cases, the stability of the 2D VB order is not trivial. There is a trade-off between the pairing energy gain and the antiferromagnetic exchange energy, which operates on more than two paths per spin in 2D cases. The appearance of the 2D VB order should depend on the details of lattice elastic energy, as well as on the strength of frustration. Our finding gives a realistic example of such a VB order in frustrated 2D spin systems.
In an ordinary quasi-2D system without frustration, the magnetic LRO usually stabilizes through the help of weak interlayer couplings. In contrast, the spin frustration suppresses the magnetic LRO on a triangular lattice. Instead, the VB order can efficiently remove the entropy of the frustrated spins. The VB order thus becomes preferable in a triangular quantum antiferromagnet at low temperature, if the elastic energy cost for the lattice distortion is sufficiently compensated by the VB formation. This is the case for the [Pd(dmit) 2 ] salts. The theoretical analysis of a spatially anisotropic triangular system has predicted the appearance of the VB-ordered ground state in the vicinity of the regular triangular lattice where any kind of magnetic LRO is destabilized. [1] [2] [3] [4] [5] In our experimental systems, the lattice distortion should be considerably anisotropic because of the molecular packing. The anisotropic lattice distortion should play a significant role in real systems at a finite temperature, though it has not been explicitly taken into account in the theoretical treatments. The 0 -type crystals have the two stacking directions alternating layer by layer. Therefore, the most favorable distortion in one layer is unfavorable in the adjoining layers. This means a higher cost of the elastic energy. In contrast, the P2 1 =m EtMe 3 P salt has a unique direction of distortion, which minimizes the elastic energy cost. This is our qualitative scenario to explain why the VB order appears in the P2 1 =m EtMe 3 P salt but not in the 0 -type salts. It is suggested that the anisotropic distortion provides the VB order with extra stability. Although -(ET) 2 Cu 2 (CN) 3 has parallel dimer arrangement along the b-direction, it does not show a VB order.
7) The counter anions of this salt form a rigid 2D polymeric network, unlike the discrete cations in the [Pd(dmit) 2 ] salts. Another structural difference is that all the dimers in one layer of the [Pd(dmit) 2 ] salts are oriented in parallel to each other, while the nearest-neighbor dimers in the -salt are not. These features sterically give rise to a higher cost of lattice distortion in the -salt. Not only the possible difference in the spatial anisotropy of the exchange couplings, but also these steric factors seem to prevent the VB ordering in the -salt. 
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The appearance of the VB order, which arises from the quantum spin fluctuations, suggests that the resonatingvalence-bond (RVB) picture is a good description of a frustrated quantum triangular antiferromagnet. Moreover, we have observed that the P2 1 =m EtMe 3 P salt exhibits Meissner diamagnetism, which indicates bulk superconductivity, when the VB order is suppressed by pressure (T c ¼ 5 K at 0.2 GPa). This suggests a close relationship between the VB order and superconductivity, as expected theoretically. 44) Details of the superconductivity of this salt will be reported in a separated paper. To obtain more information, such as the precise Á value, magnetic resonance and high field studies are now under way.
In conclusion, we have observed a spin-Peierls-like VB ordering in a frustrated 2D quantum antiferromagnet, the P2 1 =m phase of (C 2 H 5 )(CH 3 ) 3 P[Pd(dmit) 2 ] 2 . The parallel stacking structure of this crystal prefers the anisotropic distortion that has been pointed out as being crucial for this peculiar phase transition.
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